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METHOD OF CONVERTING ENERGY 
TECHNICAL FIELD 

5 Many industries produce wastes in the form of heat or biomass as a byproduct of their process. 
Environmental awareness has increased and effort is made to mitigate the consequences of these 
waste products* For instance, the cement industry produces particulate laden flue gases that 
must be cooled and cleaned before being released. In the forest industry it is undesirable to 
landfill biomass due to leaching but burning produces particulate m the flue gas that must be 

10 removed. Even though there are many installations that bum biomass without particulate 

removal systems, there is significant pressure for these practices to change. The useful recovery 
of heat from the flue gas of waste heat processes or biomass-fueled burners is usually 
determined to be uneconomical. Very large conversion plants may be economically justified 
only if they can locate suflScient biomass fiiel within a reasonable transportation distance. 

15 

The use of waste heat for beneficial purposes is limited as it is economically justified in only 
specific applications. It has also been found uneconomical to convert heat to electricity using 
traditional technology as operating costs become excessive for small systems. Co-generation 
systems that produce both electricity and usefol heat greatly improve the economics. 

20 

BACKGROUND ART 

Conversion of waste heat to electricity involves the steam*water Rankme cycle in most practical 
systems. The traditional steam power plant is based on any of a variety of fuels including 
25 nuclear, coal, oil, wood, etc. and, along with hydroelectric installations, has been the backbone 
of the electrical power-grid of North Ama-ica. 

Steam systems have a number of advantages. Water (steam) is readily available and 
environmentally benign. Water has a large enthalpy change over typical pressure raises. The 
30 Rankine cycle operates at temperatures and pressures that are feirly convenient. There are many 
competitive suppliers of equipment. Finally, the knowledge of owners, engineers, operators and 
maintenance personnel is well developed. 

Steam systems have a number of disadvantages. Water has a tendency to erode, corrode and 
35 dissolve materials used in piping and equipment and contaminants accumulate in the re- 
circulating fluid. Water has an af^ity to absorbing air that greatly degrades the system 
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performance. Thus the boiler water must be treated chemically and continuously deaerated. For 
higher efficiency, most steam systems are operated in a vacuum at the heat rejection 
temperature. Air accumulates in the condenser and must be continually removed to maintain the 

40 vacuum and the low condensing temperature. Removing air is both an added equipment 

complexity and a parasitic energy load on the systenL Also since the specific volume of low- 
pressure steam is very large, the condensing equipment can grow to enormous sizes. Operating 
requirements are legally mandated in most jurisdictions and require trained and skilled operators 
in constant attendance. Consequently steam systems become uneconomical in smaller power 

45 output sizes and when the heat source temperatiu-e is low. 

Hydrocarbon fluids, most typically butanes and pentanes, have been used in geothermal power 
generating plants and similar applications where the heat source temperature is limited. These 
fluids operate similar to steam- water systems wifli the exception that they are closed systems 
50 and are under pressure at the heat rejection temperature. Such fluids are relatively expensive, 
flammable and environmentally sensitive. Their lower enthalpy characteristics require greater 
pressure ratios that need multi-stage turbines and greater flow rates that negate some of the 
equipment size reduction benefits of the positive pressure at rejection temperature. There are 
fewer suppliers and fewer knowledgeable operating and maintenance personnel available. 

55 

A related but different power cycle has been developed and patented by Alexander I. Kalina and 
is described in numerous patents; including US4346561, US4489563, US4548043, US4586340, 
US4604867, US4732005, US4763480, US4899545, US5029444, US5095708, US5103899. The 
Kalina power cycle uses a mixture of water and ammonia for the purpose of increasing the 
60 energy conversion efficiency that can be obtained using the standard steam Rankine cycle. The 
cycle operates through a process of heating the bmary fluid mixture, partially separating the 
components and applymg the two fluid streams differently to enhance the overall efiBciency of 
the power cycle. All the developments and teachings of Mr. Kalina build on this basic approach 
of component separation within the power cycle and differ from the present invention. 

65 

DISCLOSURE OF INVENTION 

The thermodynamic cycle of the present invention, applied to an ammonia-water working fluid 
nuxture» is described on a Ten^rature-Entropy diagram m Fig. 6 and displays high-pressure 
70 line 65 and low-pressure line 69 overlayed on saturation don^ 60 of said working fluid. The 
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simplest arrangement of equipment necessary to operate the cycle of Fig.4 is described in Fig. 2. 
Feedpump 30 increases said working fluid pressure 69 and ten:q)erature 1 to pressure 65 and 
tenqperature 2. Said working fluid leaves feedpump 30 as a liquid and is directed into the first 
thermal side of heater 33. Heater 33 has said first thermal side separated from a second thermal 

75 side such that heat only is transferred between said first thermal side and said second thermal 
side. A second fluid enters said second thermal side of heater 33 at tenq>erature 16; such 
temperature 16 being greater than desired said working fluid tenq)erature 7. Saki second fluid 
cools to heater 33 outlet temperature 17; such temperature 17 being greater than tenq)erature 2 
of said working fluid. While passing through heater 33, said working fluid beats as a liquid 

80 from temperature 2 to bubble point 3, vBpotizes to the dew point 6 and heats as a vapour to 
temperature 7. It is an aspect of this invention that temperature 17 of said second fluid may be 
less than dew point temperature 6 of said working fluid by using a counter-flow heat exchanger 
as heater 33. 



85 Said working fluid vapoxu* 7 is reduced in pressure through turbine 34 that extracts energy 24 
from said working fluid. Turbine 34 may be any device capable of extracting energy from a 
fluid through a pressure and enthalpy reduction and is most typically a turbine of any one or 
more well-known styles. Said working fluid leaves turbme 34 at lower pressure 69, ten^erature 
8 and increased entropy and is directed into the first thermal side of cooler 36. Cooler 36 has 

90 said first thermal side separated from a second thermal side such that heat only is transferred 
between said first thermal side and said second thermal side. A third fluid enters said second 
thermal side of cooler 36 at ten5)erature 1 8; such temperature 1 8 being less than desired 
temperature 1 of said working fluid. Said third fluid heats in cooler 36 to outlet temperature 21; 
such temperature 21 being less than temperature 8 of said working fluid. While passing through 

95 cooler 36, said working fluid cools as a vapour from tenq)erature 8 to dew point 9, condenses to 
bubble point 13 and cools as a liquid to temperature 1. It is an aspect of this invention that 
temperature 21 of said third fluid may be greater than tenf)erature 1 of said working fluid by 
using a counter-flow heat exchanger as cooler 36. 

100 Fig. 3 describes a practical enhancement of the equipment definition of Fig. 2. Cooler 36 is 
replaced by cooler 37 and cooler 38 that, together, perform the same fimction as cooler 36. 
Cooler 37 has a first thermal side separated from a second thermal side such that heat only is 
transferred between said first thermal side and said second thermal side. Cooler 38 has a first 
thermal side separated from a second thermal side such that heat only is transferred between said 
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105 fn-st thennal side and said second thermal side. The change in teniperature 8-1 of said working 
fluid may, in some circumstances, be more conveniently acconq)lished by using a different fluid 
in said second thermal side of cooler 37 than the fluid in said second thermal side of cooler 38. 
In Fig, 3 it is shown that said working fluid enters said first thermal side of cooler 37 at 
ten^rature 8 and leaves cooler 37 at temperature 12. Temperature 12 may be greater than or 

1 10 less than dew point temperature 9. A fourth fluid enters said second thermal side of cooler 37 at 
temperature 20; such temperature 20 being less than temperature 12 of said working fluid. Said 
fourth fluid heats in cooler 37 to outlet temperature 21; such ten^^ature 21 being less than 
ten^rature 8 of said working fluid. It is an aspect of this invention that temperature 21 of said 
fourth fluid may be greater than temperature 12 of said working fluid by using a counter-flow 

1 15 heat exchanger as cooler 37. It is also recognized in this invention that said fourth working fluid 
may be selected to be ambient air, or other available fluid, and may be used in a heat exchanger 
with temperature 21 being less than said working fluid temperature 12. A fifth fluid enters said 
second thermal side of cooler 38 at temperature 18; such temperature 18 being lower than 
temperature 1 of said working fluid. Said fifth fluid heats in cooler 38 to outlet tenqjerature 19; 

120 such temperature 19 being less than temperature 12 of said working fluid. While passing 
through said first thermal side of cooler 38, said working fluid cools from temperature 12 to 
temperature 1 . It is an aspect of this invention that temperature 1 9 of said fifth fluid may be 
greater than temperature 1 of said working fluid by using a counter-flow heat exchanger as 
cooler 38. 

125 

Fig. 4 describes an important enhancement of the equipment arrangement described in Fig. 2 
and Fig. 3. Feedpump 30 increases said working fluid from pressure 69 and temperature 1 to 
pressure 65 and tenq)erature 2. Said working fluid leaves feedpimip 30 as a liquid and is 
directed into the first thermal side of recuperator 31. Recuperator 31 has said first thennal side 

130 separated from a second thermal side such that heat only is transferred between said first thermal 
side and said second thermal side. Said first thermal side of recuperator 3 1 receives said 
working fluid at pressure 65 ten^rature 2. While passing through said first thermal side of 
recuperator 31, said working fluid heats as a liquid to bubble point 3 and then partially vaporizes 
to temperature 5. Said working fluid at pressure 65 and temperature 5 is then directed to said 

135 first thermal side of heater 33. Said second thermal side of recuperator 31 receives said workmg 
fluid at pressure 69 and ten^rature 8 after said working fluid leaves turbine 34. While passing 
through said second thermal side of recuperator 31, said working fluid cools as a vapour to dew 
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point 9 and then partially condenses to temperature 1 1 . Said working fluid at pressure 69 and 
temperature 1 1 is then directed to said first thermal side of cooler 36. 



140 

Recuperator 3 1 operates in three distinct regions in the heat transfer process. In said first 
thermal side of recuperator 3 1 , said working fluid is at pressure 65 and changes bom 
tenperature 2 at the inlet, to bubble point temperature 3 within, to partially vaporized 
tenq)eTature 4 within, to partially vaporized temperature 5 at the outlet. In said second thermal 

145 side of recuperator 3 1 , said working fluid is at pressure 69 and changes from temperature 8 at 
the inlet, to dew point ten^rature 9 within, to partially condensed temperature 10 within, to 
partially condensed tenq^erature 11 at the outlet. Said working fluid at pressure 65 must be 
connected to recuperator 31 in counter-flow to said working fluid at pressure 69. Operation of 
recuperator 31 requires ten^rature 8 greater than temperature 5, temperature 9 greater than 

150 ten^rature 4, ten^erature 1 0 greater than temperature 3 and temperature 1 1 greater than 
tenq)erature 2. The "pinch temperature" of closest temperature approach of said first thermal 
side and said second thermal side will occur in the region of recuperator 3 1 bounded by 
temperature 9 to temperature 4 on one extreme and by temperature 10 to tenq>erature 3 on the 
other extreme. 

155 

Heater 33 operates in Fig. 4 in the same manner as in Fig. 2 except that said second fluid 
temperature 1 7 must be greater than said working fluid temperature 5. Cooler 36 operates in 
Fig. 4 in the same manner as in Fig. 2 except that said third fluid temperature 21 must be less 
than said working fluid temperature 11. Cooler 37 and cooler 38 as seen in Fig. 3 may replace 
160 cooler 36 in Fig. 4 in the same manner as they replaced cooler 36 in Fig. 2 except that said 
fourth fluid tenq)erature 2 1 must be less than said working fluid temperature 1 1 . 

Fig. 5 describes a further enhancement of the equipment arrangement described in Fig. 4. Said 
working fluid at pressure 65 leaves recuperator 31 at temperature 5; such tenq)erature 5 being 

165 less than dew point tenq)erature 6. Said working fluid at temperature 5 is directed into a first 
thermal side of pre-heater 32. Pre-heater 32 has said first thermal side separated firom a second 
thermal side such that heat only is transferred between said first thermal side and said second 
thermal side. While passing through said first thermal side of pre-heater 32, said workmg fluid 
vaporizes to dew point 6 and possibly to a higher temperature. Said working fluid at pressure 65 

170 and ten^rature 6 is then directed to said first thermal side of heater 33. Said first thermal side 
of heater 33 is segregated into two sections in series; a first section that heats said working fluid 
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from temperature 6 to ten^rature 14 and a second section that heats said working fluid from 
temperature IS to temperature 7. Said working fluid leaving said first section of said first 
thermal side of heater 33 is directed into said second thermal side of pre-heater 32. While 
175 passing through said second thermal side of pre-heater 32, said working fluid cools as a vapour 
to temperature 15. Said working fluid at pressure 65 and temperature 1 5 is then directed to said 
second section of said first thermal side of heater 33. 

180 BRIEF DESCRIPTION OF DRAWINGS 

Fig. I is a descriptk)n of a preferred form of equipment arrangement of the present invention 

Fig. 2 is a description of the simplest form of equipment arrangement of the present invention 
185 " ^ 

Fig. 3 is a description of a modification of Fig. 2 that may also be applied to Fig. 4 and Fig. S. 

Fig. 4 is an extension of the equipment arrangement shown in Fig. 2 with an added recuperator 
^rcEai^er 

190 

Fig. S is an extension of the equipment arrangement shown in Fig. 4 with an added pre-heat 
^^chai^er 

Fig. 6 is a Tenq>erature-£ntropy diagram showing the thermodynamic cycle of the present 
195 invention 



Fig. 7 is a Temperature-Entropy diagram showing the Rankine cycle for a steam-water system 

Fig. 8 is a Temperature-Entropy diagram showing the two-phase characteristics of an ammonia- 
200 water fluid mixture 

Fig. 9 is a Tenq)erature-Mixture diagram showing how the tenq>erature change of an ammonia- 
water mixture across a two-phase region changes with the percent mixture ratio of the 
component fluids 
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Fig. 10 is a Pressure-Quality diagram showing how the pressure rise of a confined fluid resuhing 
from a temperature increase changes with the amount of vapour in the initial fluid mixture 



The Rankine cycle is described on a Temperature-Entropy diagram in Fig. 7 and displays high- 
210 pressure line 46 and low-pressure line 48 overlayed on saturation ""dome*' 40 of a usable fluid. 
Saturation dome 40 of said usable fluid is formed by saturated liquid line 42 on the left and 
saturated vapour line 44 on the right. High-pressure line 46 shows a temperature rise heating 
said usable fluid as a liquid to saturation 52-55, a constant temperature vaporizing said usable 
fluid 55-56 and a temperature rise superheating said usable fluid as a vapour 56-57. Energy is 
215 extracted from said usable fluid 57-58 causing the pressure to reduce to low-pressure line 48. 
Low-pressure line 48 shows a temperature drop cooling said usable fluid as a vapour to 
saturation 58-59, a constant temperature condensing said usable fluid 59-50 and a temperature 
drop subcooling said usable fluid as a liquid 50-51. Said usable fluid is pressurized 5 1 -52 as a 
liquid, increasing the pressure to high-pressure line 46, con5>leting the cycle. Said usable fluid 
220 of this Rankine cycle description may be steam, hydrocarbon or any suitable single component 
fluid although the shape of the saturation dome 40 may differ for different fluids. 

The present invention recognizes and applies a fundamental difference in the two-phase 
characteristics of multi-component fluids from those of single component fluids. Fig. 8 depicts 

225 the two-phase characteristics of a binary mixture of ammonia and water. Saturation "dome" 60 
is defmed by bubble point line 62 on the left and dew point line 64 on the right. Line 66 
represents a constant high-pressure through the two-phase region and into the superheat region. 
Similarly line 67 is at a medium pressure and line 68 is at a low pressure. The temperature rise 
across the two-phase region 62-64 reflects the &ct that components of the fluid vaporize at 

230 different rates and thus the ratio of these components in the liquid phase differs from the ratio of 
these components in the vapour phase. However the ratio of components at or below the bubble 
point 62 and the ratio of con^nents at or above the dew point 64 are the same. The variation of 
component ratio in the two-phase region is used for conq)onent separation as taught by Kalina 
and as used in product purification systems. The present invention does not use the variation of 

235 conq>onent ratio characteristic but only the characteristic of temperature diflerence between the 
bubble point 62 and the dew point 64. By way of example, an 80% ammonia in water mixture 
has a temperature difference between the bubble point 62 and the dew point 64 at a constant 
pressure that can exceed 1 50T. 
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240 BEST MODE FOR CARRYING OUT THE INVENTION 

Selection of said working fluid is important for the practical ^plication of the present invention. 
Although many multi-con:q)onent fluids can be used as said working fluid, the preferred 
selection is a binary mixture of anmionia and water. Ammonia is a common industrial fluid, 

245 relatively inexpensive, readily mixes with water, not flammable, not a greenhouse gas and 

relatively environmentally beniga In high concentrations ammonia is a health hazard but it has 
the advantage of releasing a highly objectionable odour at very low concentrations, which serves 
to encourage early evacuation of a contaminated area. Fig. 9 describes by way of example the 
temperature change across a two-phase region from bubble point 62 to dew point 64 at a 

250 constant pressure, as shown in Fig. 6, as it relates to the percent of ammonia in the mixture. The 
maximum change in temperature from bubble point 62 to dew point 64 approaches 170^F at 
about 75% anmionia and exceeds lOO^F over a range from 30% ammonia to 95% ammonia. 
This large useable range allows the percent ammonia of said working fluid to be selected to best 
match conditions of available source temperature 16, available heat sink temperature 18, or 

255 desired heat reject tenq)erature 21 in a particular application. 

A useful comparison of thermodynamic cycles equates the high-pressure and high-teno^rature 
as well as the low temperature of the cycles. The high pressure is selected largely by equipment 
design consideration. The high tenq)erature and the low temperatute define the maximum 

260 potential efficiency of the systeuL The ammonia-water thermodynamic cycle is defined in Fig. 6 
by high-pressure line 65, low-pressure line 69, pressurizing line 1-2 and expanding line 7-8. 
The steam-water Rankine cycle is defmed in Fig. 7 by high-pressure line 46, low-pressure line 
48, pressurizing line 51-52 and expanding line 57-58. By way of comparison of said ammonia- 
water thermodynamic cycle of the present inventton to said steamrwater Rankine cycle, the 

265 high-pressure and the low tenq)erature selections will be matched in this description 

Fig. 2 describes heater 33 that supplies the source heat at temperature 16 for said ammonia-water 
thermodynamic cycle. Applyuig said counter-flow heat exchanger for heater 33 allows greater 
heat to be extracted from said second fluid by lowering outlet ten^rature 17 below the 
270 tenq)erature available using sakl steam-water Rankine cycle. By way of example, equivalent 
tenq)erature 17 leaving equivalent heater 33 in said steam-water Rankine cycle described in Fig. 
7 operating at high-pressure 46 of 400 psia would be greater than the vaporizing ten:q)erature 55- 
56 of 444.7°F. Temperature 17 leaving heater 33 in said ammonia-water thermodynamic cycle 
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described in Fig. 6 operating at high-pressure 65 of 400 psia would be greater than the bubble 

27S point temperature 3 of 164.3°F. It is readily seen that more energy can be extracted by said 

ammonia-water thermodynamic cycle than by said steam-water Rankine cycle using equipment 
arrangement described in Fig. 2. When applied to the equipment arrangement of Fig. S 
temperature 17 leaving heater 33 in said ammonia- water thermodynamic cycle operating at high- 
pressure 65 of 400 psia would be greater than the dew point temperature 6 of 323.2°F. It is 

280 readily seen that more energy can be extracted by said ammonia-water thermodynamic cycle 
than by said steam- water Rankine cycle using equipment arrangement described in Fig. 5. It is 
readily apparent that more energy can be extracted by said ammonia-water thermodynamic cycle 
than by said steam-water Rankine cycle using equipment arrangement described in Fig. 3 and in 
^ Fig. 4. 

285 

Fig, 2 describes cooler 36 that said third fluid enters at temperature 1 8 and receives the rejected 
heat of said ammonia- water thermodynamic cycle. Applying said counter-flow heat exchanger 
for cooler 36 allows less flow of said third fluid to receive heat rejected from said working fluid 
by increasing outlet temperature 21 above the temperature that would be possible using said 

290 steam-water Rankine cycle. By way of example, equivalent temperature 21 leaving equivalent 
cooler 36 in said steam-water Rankine cycle operating at about 0.79 psia would be less than the 
condensing temperature of 93.8°F. Temperature 21 leaving cooler 36 in said ammonia-water 
thermodynamic cycle operating at a bubble point 3 of 93.8°F and low-pressure 69 of 150 psia 
must be less than said working fluid teirqjerature 8 that exceeds dew point ten^eratiure 6 of 

295 260.6°F. It is readily seen that less flow of said third fluid is required as said third fluid is raised 
to higher outlet temperature 21 of cooler 36 by said anmionia- water thermodynamic cycle than 
by said steam-water Rankine cycle using equipment arrangement described in Fig. 2. When 
applied to the equipment arrangement of Fig. 4 and of Fig. 5, temperature 21 leaving cooler 36 
in said ammonia- water thermodynamic cycle operating at low-pressure 69 of 150 psia would be 

300 less than outlet ten^erature 1 1 of recuperator 3 1 of about 1 50**F. It is readily seen that less flow 
of said third fluid is required as said third fluid is raised to higher outlet temperature 21 of cooler 
36 by said ammonia-water thermodynamic cycle than by said steam-water Rankine cycle using 
equipment arrangement described in Fig. 4 and Fig. 5. It is readily apparent that less flow of said 
third fluid is required as said third fluid is raised to higher outlet temperature 21 of cooler 36 by 

305 said ammonia-water thermodynamic cycle than by said steam-water Rankine cycle using 
equipment arrangement described in Fig. 3. It is also readily ^parent that higher outlet 
temperature 21 of said ammonia-water thermodynamic cycle may be used effectively for 
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unrelated, beneficial heating applications or cooled to cooler 36 inlet temperature 1 8 using 
smaller equipment than would otherwise be necessary. 

310 

Turbine 34 is most typically a turbme of any one or more well-known styles and is the single 
most costly component of the practical application of said ammonia-water thermodynamic cycle. 
Turbine 34 extracts energy from said working fluid using pressure drop 7-8 from high-pressure 
65 to low-pressure 69. Turbine 34 must handle the amount of said working fluid flow by its 

315 overall size and the amount of pressure drop 7-8 by its number of stages. An increase in said 
size or an increase in said number of stages relates directly to an increase in cost of turbine 34. 
Selection of prefened ammonia-water mixture for said working fluid maintains an overall size 
comparable to using steam- water and much reduced size than using pentane or butane. 
Introduction of recuperator 3 1 allows a decrease in said number of st£^es required for turbine 

320 34, The flow of said working fluid may be increased while high-pressure 65 may be decreased 
to reduce to one the number of stages required by turbine 34. It is found that the loss of energy 
extracted by reducing pressure drop 7-8 is largely con^nsated by increased flow of said 
working fluid due to the action of recuperator 3 1. 

325 Recuperator 31 is limited in operation by bubble point 3 and dew point 6 of high-pressure 65 in 
comparison to bubble point 13 and dew point 9 of low-pressure 69. As high-pressure 65 is 
reduced, the temperature differences 8-5, 9-4, 10-3 and 1 1-2 are increased. This allows more 
heat to transfer from said working fluid leaving turbine 34 to said working fluid leaving 
feedpump 30 and allows a greater flow of said workuig fluid. Said greater flow of said workmg 

330 fluid largely compensates in turbine 34 for the reduced pressure drop 7-8 and the cost of turbine 
34 is reduced substantially. Operation of recuperator 31 significantly increases the efficiency of 
said ammonia- water thermodynamic cycle. 

There is a significant safety concern associated with vaporizing fluids due to the volumetric 
335 change that takes place during phase change. Typical systems for vaporizing liquids may have a 
limited upper temperature but usually have an '"effectively unlimited" amount of energy that can 
be transfened. Fig. 10 describes the pressure rise associated with heat input to a fluid of an 
initial pressure of 375 psia. Line 76 and line 78 describe water-steam raised to 1800"^? and 
lOOO'^F respectively. Line 72 and line 74 describe ammonia-water raised to 1800T and lOOO'^F 
340 respectively. The initial fluid quality is defined as the percent of vapour in the fluid before heat 
is added and ranges fix>m saturated liquid on the left to saturated vapour on the right. It is 
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readily seen in Fig. 10 that said pressure rise of fluid that initially comprises 60% or more in 
vapour phase is limited while said pressure rise of fluid that initially comprises 100% liquid is 
extremely high. 

345 

Fig. S describes pre-heater 32 that said working fluid enters at temperature S and is heated to 
dew point tenq)erature 6 or greater. Heat transferred to heat said working fluid from tenq^erature 
5 to temperature 6 is supplied by said working fluid at temperature 14 that cools to temperature 
15. Pre-heater 32 ensures that only vapour phase of said working fluid exists in said first 

350 thermal side of heater 33. If said first thermal side of heater 33 was blocked such that said 

working fluid was confined, the pressure rise due to expansion of said working fluid would be 
lunited as said working fluid would have an initial quality of 100%. All vaporization of said 
working fluid in equipment arrangement of Fig. 5 is effected in recuperator 31 and pre-heater 
32. If said first thermal side of recuperator 31 was blocked such that said working fluid was 

355 confined, the pressure rise due to expansion of said working fluid would be limited as said 

working fluid flow through said second thermal side of recuperator 3 1 would cease due to said 
blockage, a limited amount of heat would be available to be transferred and the temperature of 
said working fluid m said second thermal side of recuperator 3 1 would drop during heat transfer. 
It is readily apparent that a similar situation exists within pre-heater 32 with respect to confined 

360 heating of said working fluid. Thus the equipment arrangement described in Fig. 5 holds a 
greater inherent safety than the equipment arrangement described in Fig. 2. It is also readily 
seen that the equipment arrangement described in Fig. 4 holds a greater inherent safety than the 
equipment arrangement described in Fig. 2 as said working fluid at tenq)erature 5 is typically 
between 70% and 90% quality. 

365 

Pre-heater 32 described in Fig. 5 increases the efficiency of said ammonia-water thermodynamic 
cycle slightly. However, outlet temperature 17 of heater 33 is higher when pre-heater 32 is 
operated and thus less energy is transferred from said second fluid to said ammonia- water 
thermodynamic cycle. The net result is that less energy 24 can be extracted by turbine 34. Pre- 
370 cooler 32 is usefiil when the application requires that the system safety with respect to heating of 
a confined working fluid be maximized. Pre-cooler 32 is also useful when temperature 17 of 
said second fluid must be maintained higher than dew point tenq)erature 6 for reasons 
independent of said ammonia- water thermodynamic cycle. 
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375 Fig. 1 describes a preferred application of the present invention that converts biomass waste 
into electricity in a small cost effective system. Biomass combustion system 26 bums waste and 
produces said second fluid as a flue gas of tenq)erature 16. The flue gas is directed as said 
second fluid into said second thermal side of heater 33» leaves heater 33 at tenqperature 17 and is 
directed to flue gas cleaning system 27. Combustion system 26 and flue gas cleaning system 27 
380 are commercially available systems using known technologies. Temperature 1 7 is sufficiently 
low to increase the technology options applicable to cleaning the flue gas. By way of example, 
reducing flue gas temperature 17 to less than 45 1 will reduce it below the ignition tenqjerature 
of cellulose and make cleaning technologies, such as baghouses, safer to use. Further reducing 
temperature 17 makes such cleaning equipment safer by reducing the likelihood of "sparklers" 
385 reaching sensitive components. 

The system described in Fig. 1 can be illustrated by operating conditions of a particular design 
using said working fluid comprising 80% ammonia and 20% water. Said design operates 
between a peak high-pressure of 375 psig and a minimum low-pressure of 145 psig. Burning 

390 900 bone-dry pounds per hour of hog fiiel containing 50% moisture can produce 1 0,600 pounds 
per hour of flue gas at 1750°F that is introduced to heater 33 as said second fluid. Using a 
counter-flow heat exchanger for heater 33, the flue gas is cooled to 399*'F. Recuperator 3 1 
evaporates 84% of said working fluid liquid at high-pressure 65 and condenses 58% of said 
working fluid vapour at low-pressure 69. Turbine 34 outputs 295 kilowatts, however the cycle 

395 uses an equivalent of 7.3 kilowatts during operatioa The net cycle efficiency is 20.5%. Cooler 
36 is a counter-flow heat exchanger and receives a coolant as said third fluid of temperature 1 8 
at 80®F and heats said coolant to temperature 21 at 152T. Temperature 21 is sufficient to be 
useful for specific space heating applications. Alternately, the coolant can be cooled in a 
relatively small heat exchanger by ambient air and, if required, cooled fiirther to temperature 18 

400 by a minimal volume flow of water. 

The system described in Fig. 1 can also be illustrated by different operating coiKlitions of an 
alternate design using said working fluid comprising S0% ammonia and 50% water. Said 
alternate design operates between a peak high-pressure of 375 psig and a minimxim low-pressure 
405 of 145 psig. Burning 900 bone-dry pounds per hour of hog foel containing 50% moisture can 
produce 1 0,600 pounds per hour of flue gas at 1 750''F that is introduced to heater 33 as said 
second fluid. Using a counter-flow heat exchanger for heater 33, the flue gas is cooled to 41 IT. 
Recuperator 3 1 evaporates 72% of said working fluid liquid at high-pressure 65 and condenses 
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58% of said working fluid vapour at low-pressure 69. Turbine 34 outputs 242 kilowatts, 

410 however the cycle uses an equivalent of 6.8 kilowatts during operation. The net cycle efficiency 
is 17.0%. Cooler 36 is a counter-flow heat exchanger and receives a coolant as said third fluid 
of temperature 18 at 140^F and heats said cookuit to tenq}erature 21 at 194^F. Coolant 
temperature 18 and tenq)erature 21 match the typical operating range of a district heating 
system. Alternately, the coolant can be cooled in a relatively small heat exchanger by ambient 

415 air. 







PARTICULAR DESIGN 


ALTERNATE DESIGN 




Biomass: 


900 BDIb/hr @ 50% moisture 


900 BDlb/hr @ 50% moisture 




Flue Gas: 


10,600 Ib/hr 


10,600 Ib/hr 


420 


State 16/ 17: 


1750 T 399^F 


1750 **F 41 TF 




Working Fluid: 


80% ammonia / 20% water 


50% ammonia / 50% water 




State 1: 


95 **F, 145 psig 0% vapour 


1 50 % 145 psig 0% vapour 




State 2: 


101 375 psig 0% vapour 


150.2 % 375 psig 0% vapour 




State 5: 


293 °F, 369 psig 84% vapour 


343 % 369 psig 72% vapour 


425 


State 7: 


775% 365 psig 100% vapour 


775% 367 psig 100% vapour 




State 8: 


625% 152 psig 100% vapour 


612 % 152 psig 100% v^our 




State 11: 


159 % 146 psig 42% vapour 


228 % 145 psig 42% vapour 




Coolant Glycol: 


104usgpm 


143 usgpm 




State 18/21: 


80 T 152T 


MOT I94T 


430 


Power produced: 


295 kW 


242 kW 




Parasitic power: 


7.3 kW 


6.8 kW 




Net cycle efficiency: 20.5% 


17.0% 



It is readily apparent that a practical system includes p^ connections between equipment 
435 operating as flow passages, isolation and control valves, seals, appropriate sensors, safety 
devices and control systems. 

INDUSTRIAL APPLICABILITY 

440 It is readily seen that this invention has applicability to energy recovery from waste industrial 
heat that is in the form of hot flue gas. Such heat is usually considered low-grade and is not 
recoverable on a commercially viable basis. This invention will allow conversion of the waste 
heat into high-grade electricity with an efficiency of conversion similar to, or better than, 
simplified steam-water Rankine systems. This invention has the further advantage of simple 

445 equipment and a direct heat rejection to the atmosphere that does not require ev£4)orative 
systems. Thus this invention promises to be less expensive to construct and operate. 
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It is further seen that waste biomass can be used to generate the heat input for this invention. In 
such a scenario this invention offers a simplified system for generation of electricity with the 
added benefit of high-ten^rature heat rejection from a liquid coolant. This liquid coolant is 
readily available for co-generation which enhances the potential overall efficiency of energy 
recovery. 

For those schooled in the art it is readily apparent that many applications exist to implement this 
invention. Further it is readily apparent that this invention can be scaled to larger or smaller 
sizes that are suitable to the particular application. 
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